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Abstract

Ocean forecasting with a General Circulation Model (GCM) commonly begins from an initial analysis obtained by data
assimilation. Instead of a single initial state, bred-ensemble forecast [BEnF; which is used for weather forecasting at the
National Centers for Environmental Prediction] begins from an ensemble of initial states obtained by using the GCM
to breed fast-growing modes into the analysis. Here we apply the technique to forecast the locations and strengths of
the Loop Current and rings from July through September 2005. Model results are compared against satellite observations,
surface drifter trajectories, and moored currents. It is found that BEnF gives closer agreements with observations than the
conventional single forecast. The bred-vectors (perturbed minus unperturbed state-vectors) have growth rates ~0.04—
0.08 day ! and spatial (cyclone—anticyclone) scales ~200-300 km suggestive of baroclinic instability mode in the Loop
Current and rings. As in atmospheric applications, initializations with these growing vectors contribute to the more accu-
rate ensemble mean forecast.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Loop Current is the dominant feature of the circulation in the eastern Gulf of Mexico and the forma-
tion region of the Florida Current-Gulf Stream system (Figs. 1 and 2). It originates at the Yucatan Channel
through which approximately 23-27 Sv (1 Sv = 10° m® s~ transport passes with a large minimum-maximum
range of 14-36 Sv (Johns et al., 2002; Sheinbaum et al., 2002). Peak speeds of 1.5-1.8 ms~' have been
observed near the surface in the Loop Current (e.g., Nowlin, 1972; Forristal et al., 1992; see Oey et al.,
2005a for other references). The Loop Current feeds the Florida Current which transports significant amounts
of heat poleward. The Loop episodically sheds warm-core rings (e.g., Cochrane, 1972; Vukovich, 1995) at
intervals of approximately 3—18 months (Sturges and Leben, 2000; Leben, 2005). These rings have diameters
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Fig. 1. A locator map of the study region: the Gulf of Mexico and surrounding ocean regions. The domain shown is also the model
domain. Time-independent inflow and outflow that account for the large-scale transports (Svedrup + thermohaline) are specified across
the open boundary at 55 °W as a function of latitude (as indicated with silhouette profiles). Contours show isobaths in meters.

~200-300 km, vertical extent ~1000 m, and swirl speeds ~1.8-2 m s~ !; they generally translate westward at
2-5km day ' and have lifetimes of months to approximately a year (Nowlin, 1972; Elliott, 1982; Vukovich
and Crissman, 1986; Cooper et al., 1990; Forristal et al., 1992). The Loop Current and its rings are powerful
oceanic features that affect, either directly or indirectly through their smaller-scale subsidiaries, just about
every aspect of oceanography of the Gulf (Oey et al., 2005a).

In addition to producing strong ocean currents, the Loop and rings possess, by virtue of their deep ther-
moclines, large values of the Ocean Heat Content (OHC; Leipper and Volgenau, 1972):

n
OHC = pOCp/ (T—26)dz, T > 26°C,

Zs
where Z56 (>0) is depth of the 26 °C isotherm, n = sea-surface height (SSH), p, density of sea water and C, the
specific heat of water. Sea surface temperatures (SST’s) in excess of 26 °C are necessary for tropical cyclogen-
esis (Palmen, 1948; DeMaria and Kaplan, 1994). Regions where OHC > 60-90 kJ/cm? have been empirically

found to be conducive to storm intensification, and OHC has been used as one of several parameters in
hurricane prediction schemes (DeMaria et al., 2005). Typical values of OHC in summer through autumn easily
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Fig. 2. An illustrative figure of the Loop Current and its associated ring during the study period. Shown here in color is the forecast
(ConF) sea-surface height (SSH; white contour is SSH = 0) on Aug/29/13GMT just after Hurricane Katrina made landfall (solid circle) at
New Orleans. Note the high SHH (red; max ~4.6 m) near New Orleans. The storm’s path is shown as solid black line and its intensities are
shown proportional to the size of circles (dashed) plotted at daily intervals beginning at Aug/24. Colored vectors indicate wind stresses
with the indicated scales.

exceed 60 kJ/cm? within the Loop and rings (e.g., Oey et al., 2006; Oey et al., in press). Scharroo et al. (2005)
suggest that the large heat contents of the Loop and a ring (which is named “Eddy Vortex”) during hurricane
Katrina (Aug/23-30/2005) may have resulted in the rapid intensification of the storm (Fig. 2).

It is therefore of scientific and practical values to accurately forecast (and hindcast) the locations, paths and
strengths of the Loop Current and rings. In this work, by forecast we mean forward model integration without
data assimilation. Oey et al. (2005b) compared fourteen 4-week forecasts of Loop Current and rings’ frontal
positions against observations for the period Aug/1999 through Sep/2000. Each forecast was initialized from a
data-assimilative analysis field which in this work will be referred to as the control analysis (ConA; see Appen-
dix 1 for explanations of acronyms and variables). Their model (which was based on the Princeton Ocean
Model or POM, see below) correctly predicted the separation of a powerful ring from the Loop Current three
weeks in advance. The mean frontal position errors ~25km while the root-mean-square (RMS) errors
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~50 km over the four-week forecast horizon. The authors suggested that the largest contributor to the forecast
errors was error in the initial ConA field.

Oey et al. (2005b) utilized the methodology commonly used in ocean forecasting: one first initializes the
model from a ConA field, and then integrates the model forward. This type of forecast will be referred to
as the control forecast (ConF). In this work, instead of a single forecast initialized from one analysis field,
we conduct an ensemble of forecasts with initial fields obtained using the breeding method (Toth and Kalnay,
1997). An eight-week forecast horizon is chosen, from end of July through the middle of September 2005. This
period coincides with the passage of hurricane Katrina — Aug/23-30/2005. As depicted in Fig. 2, there was a
large sea-level (maximum # = 4.5 m) setup along the Mississippi-Alabama coast when Katrina made land-fall
at the northern Gulf coast. The storm breached the levees that protected New Orleans from Lake Pontchar-
train, and most of the city was subsequently flooded, causing considerable human suffering and property
losses. Although accurate wind field for Katrina is included in our forecast, short-time ocean currents and
waves produced by the hurricane will not be our main focus here. This work concentrates instead on estimat-
ing the positions and strengths of the Loop Current and ring(s). The goal is to compare the skills of the con-
ventional forecast (i.e., ConF) versus bred-ensemble forecast (i.e., BEnF) through direct comparison with
observations.

We describe the model, forcing and assimilation method in Section 2. Breeding and ensemble forecasting
are described in Section 3, where we also discuss bred vectors (perturbed minus unperturbed state-vectors).
In Section 4 we compare our results against (i) sea-surface height anomaly (SSHA) from satellite, (ii) trajec-
tories of a NOAA/AOML hurricane drifter (http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/
INTERFACE/index.html), and (iii)Acoustic Doppler Current Profiler (ADCP) measurements. Section 5 con-
cludes the paper.

2. The model, wind forcing, control analysis and forecast
2.1. The model

Our circulation model for the Caribbean Sea and the Gulf of Mexico is based on the Princeton Ocean
Model (Mellor, 2004), and has been tested for process studies as well as in realistic simulations (Oey and
Lee, 2002; Ezer et al., 2003; Wang et al., 2003; Fan et al., 2004; Oey and Zhang, 2004; Oey, 2004; Oey
et al., 2003, 2004, 2005a,b, 2006, in press). A brief description is given below.

The model domain includes the northwestern Atlantic Ocean west of 55° W as shown in Fig. 1. At 55° W,
estimates of inflow and outflow transports are specified in combination with radiation conditions. The baro-
clinic velocities are specified using the radiation conditions. Climatological temperature and salinity are
specified during inflow and advected out using one-sided differencing at outflow. Details of open boundary
conditions are in Oey and Chen (1992). The model is forced by wind to be detailed below, as well as by
monthly discharges from 34 rivers along the northern Gulf coast according to the method given in Oey
(1995, 1996). The model horizontal grid-size is variable; it is approximately 10 km in the Loop Current and
northwestern Caribbean Sea, and about 5 km in the northeastern Gulf of Mexico. There are 25 terrain-follow-
ing (the so-called sigma-coordinate) layers with 10 of them in the top 250 m for local water depth ~2500 m.
The Mellor and Yamada’s (1982) turbulence closure scheme modified by Craig and Banner (1994) to effect
wave-enhanced turbulence near the surface is used. To account for mixing in stable stratification (e.g., internal
waves; MacKinnon and Gregg, 2003; Mellor’s, 2001) modification of a Richardson-number-dependent dissi-
pation is used. In this work, surface heat and evaporative fluxes are set to zero so that the SST variations are
due to model’s internal dynamics; in the case of forcing by a hurricane, Price (1981) found that surface cooling
by these fluxes is small compared to cooling by mixing.

2.2. The wind
We combine the analyzed winds from the Hurricane Research Division [HRD; http://www.aoml.noaa.gov/

hrd/] with the National Centers for Environmental Prediction’s [NCEP] global wind analysis (the Global
Forecast System winds; Caplan et al. (1997)). The HRD data is given in a 1000 km x 1000 km (dimensions
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are approximate) moving ‘“‘box” centered about the hurricane’s track. Storm centers are first linearly interpo-
lated to hourly locations. Consecutive HRD maps are then overlapped at the hourly locations and linearly
interpolated. The hourly maps are then merged with NCEP wind using a weight that retains the HRD data
within a circle of radius = 0.8 side of the box (i.e., ~400 km), and that smoothly (using a tanh function)
merges the HRD and NCEP winds beyond that radius. Animations of both the HRD and HRD/NCEP
merged winds are posted on our web-site: http://www.aos.princeton.edu/WWWPUBLIC/PROFS/anima-
tions.html. Fig. 3 shows the merged winds for Katrina (Aug/24-29/2005). To calculate wind stresses, we use
a bulk formula with a high wind-speed limited drag coefficient that fits data for low-to-moderate winds (Large
and Pond, 1981) and data for high wind speeds (Powell et al., 2003), as given in Oey et al. (2006):

Cyx10° =12, lu,| < 11ms™!
=0.49 +0.065|u,|, 11 < |u,| <19ms™" (1)
= 1.364 + 0.0234|u,| — 0.00023158]u,*, 19 < |u,| < 100m s,

where |u,| is the wind speed.” The maximum cut-off at 100 ms ™' is at present adequate even for an intense
hurricane such as Katrina. According to this formula, C, is constant at low winds, is linearly increasing for
moderate winds, reaches a broad maximum for hurricane-force winds, |u,| ~ 30-50 m s~!, and then decreases
slightly for extreme winds. Donelan et al. (2004) suggest that the Cleveling at high wind may be caused by
flow separation from steep waves. Moon et al. (2004) found that C, decreases for younger waves that predom-
inate in hurricane-forced wave fields. Bye and Jenkins (2006) attribute the broad C;maximum to the effect of
spray, which flattens the sea surface by transferring energy to longer wavelengths.

2.3. Data assimilation and control analysis (ConA)

We assimilate satellite SSHA (879, from AVISO, www.aviso.oceanobs.com; Ducet et al., 2000) and SST
(from the United States GODAE, www.usgodae.org) to derive ConA to initialize the model forecast. Satellite
data are assimilated into the model following the methodology given in Mellor and Ezer (1991) and Ezer and
Mellor (1994). In this method, SSHA is projected into the subsurface temperature field using pre-computed
correlation factors derived from a long-time (/10 years) prognostic integration that has yielded a statistical
equilibrium eddy field. Thus the resulting temperature anomaly (87) is ({-) is time-averaging, and T is the
potential temperature):

ST (x,y,2,1) = Fr(x,y,2)81(x, , 1), (2)
where the correlation factor is (87 = model SSHA)

Fr = (8Tn)/(8n*), (3a)
and the corresponding correlation coefficient is

Cr = (878n)/[(877) (3n°)]""%. (3b)

Ezer and Mellor (1994) assimilate along-track 67, data assuming a linear-saturation error growth model for
the first-guess error. Our experience has been that if AVISO 61y maps are assimilated the following simplified
formula (due originally to Ezer et al., 2003, private communication; see Wang et al., 2003) suffices:

T* =T + [2RAC3/(1 + 2RACE: — C)|(To — T) (4)

where T is the model (first-guess) temperature, 7¢ denotes the analysis temperature, R, is the ratio of the
assimilated time step Az to the de-correlation time scale Azg of the model eddy field, and Tg is the ‘observed’
temperature inferred from (2),

To = (T) + Frdn,. (5)

2 In Oey et al. (2006), the coefficient for |u(,|2 was erroneously rounded off to 0.0002.


http://www.aos.princeton.edu/WWWPUBLIC/PROFS/animations.html
http://www.aos.princeton.edu/WWWPUBLIC/PROFS/animations.html
http://www.aviso.oceanobs.com
http://www.usgodae.org

305

X.-Q. Yin, L.-Y. Oey/! Ocean Modelling 17 (2007) 300-326

_:0(.).: Q.

-28 12

IBSBV;II h 80°\N

‘9-2°w "

95°er

A SRR I

LTSRN

St ey

BB°VV | SDD\;’V

'9-2°w

98°w '

‘BGBVVI ‘ BDOVl'V

‘9-2°W ]

32°N

98°Wr

Fig. 3. Twelve-hourly plots of HRD/NCEP winds showing the path of hurricane Katrina from (A) Aug/24/12:00 through (K) 29/12:00/

2005. The last panel (L) is for Aug/29/19:00. Dots indicate daily locations of the storm’s eye.

Tc, the ob-

served temperature climatology, helps to control long-term (~10 years) drift in the model. For the present

Instead of using the model mean for (7) in (5), our past experience has been that setting (7)
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application, the differences are small. Formula (4) assumes that the AVISO map errors are small compared to
the model errors, and that Azy < < Atg. We follow Ezer and Mellor (1994) and set Aza = 1 day. The Afg is
estimated from the above-mentioned 10-year prognostic model run and is ~30 days in regions of the Gulf
of Mexico dominated by the Loop Current and rings. This may be compared with the value of 20 days used
by Ezer and Mellor’s (1994) for the Gulf Stream which therefore appears to have shorter meander and eddy
evolution time scales. The At is also proportional to the time scale of the model error growth, and the 30-day
value is consistent with Oey et al.’s (2005b) findings of predictability time scales of about one month for the
Loop Current and its associated rings. As pointed out by Ezer and Mellor (1994), the assimilation (4) is such
that 7%~ To in regions where the correlation is high (C7 ~ 1), but 7%= T where the correlation is low. A
similar assimilation of SST is also carried out after (4) with Crand Frreplaced by the corresponding functions
that use §(SST) in place of o7 in (3). The SSHA and SST assimilations complement each other: SSHA assim-
ilation is most effective over deep waters (for isobath > 500 m) while SST assimilation influences waters on
shallow shelves. For more details see Wang et al. (2003), Fan et al. (2004) and Oey et al. (2005b).

Using the assimilation procedure above, we produce daily ConA fields from May/26 through Nov/17/2005.

2.4. Control (unperturbed) forecasts (ConF)

We define ConF to be a model run that is free from any data assimilation and that is initialized from a
ConA field. Two 8-week forecasts, Jull21-Sep/15 and Jul[28—Sep/22/2005 are conducted to cover different
periods for comparison with observations (below). The two runs give similar results during their overlapped
period. These initial dates are about one month prior to the date when Katrina made landfall in the northeast-
ern Gulf of Mexico on Aug/29/2005. The same forecast periods are used for the ensemble forecast experiments,
described next.

3. The breeding method and bred-ensemble forecast (BEnF)

Toth and Kalnay (1993, 1997; see also Chapter 6 of Kalnay, 2003) develop the breeding method and
describe its application to atmospheric ensemble forecasting. We outline their ideas modified for the present
oceanic application; readers should consult their works for details. Leith (1974) showed that in a perfect model
environment averaging the ensemble forecasts yields a mean forecast superior (in the sense of smaller RMS
error) to the control forecast, provided that the ensemble perturbations are representative of the span of pos-
sible errors in the initial analysis (ConA). The ConA contains, in addition to the random observational errors,
growing errors associated with the instabilities of the evolving flow. This is because for the first guess the anal-
ysis repeatedly uses the model forecast (“7” in Eq. (4)), which after some time diverges from the analysis (an
approximation of the true state) (Lorenz, 1963; Lorenz, 1965; Lorenz, 1993). In other words, forecast errors
are dominated by the fastest growing ones due to flow instability (Lorenz, 1965). These dominant errors are
called ““singular modes” in modern terminology (Kalnay, 2003, Chapter 6). At each analysis cycle, the errors
are reduced in size because of new observations, but are not eliminated. These dynamically developed errors
are therefore present at the next analysis cycle ready to amplify again, i.e., they represent the uncertainty in
ConA. The breeding method mimics the analysis cycle and generates perturbations along the initial error pat-
tern as in the following descriptions.

Let the daily analysis at time “n” (the nth day) of the state vector “7” (e.g., T = the grid-point tempera-
tures) be T%(n), n=0,1,2,...,KN, where n =0 is some (reference) past time, K is an integer that denotes
the total number of breeding cycles (see below), and N is the number of days per cycle; thus the time
t = KN days will be the forecast start time. The goal is to generate an ensemble of perturbed state vectors
T,.(n=KN), m=1,.2,..., M, that contain the aforementioned fast growing modes, and that are then used
as initial conditions for ensemble forecasts. Here, M = total number of ensemble members used, superscripts
“a” and “‘f” (see below) denote analysis and forecast respectively, and the subscript “m” indicates a perturbed
variable as well as the mth member of the ensemble; also, time dependence only is indicated inside the paren-
theses following a variable, the spatial dependence is omitted. The method consists of the following steps
(Fig. 4):
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Fig. 4. A flow chart that describes the breeding cycle and ensemble forecasting. The flow diagram shown on the left-hand side is the
conventional analysis-and-forecast cycle. The breeding cycle of ensemble forecasting is indicated by shaded flow boxes and ellipses on the

right.

(a) At time t=0 (=n), add a small arbitrary perturbation ¢,,(0) to 790): T,(0)= T%0) + &,,(0),
m=1,2,...,M, to form M perturbed analyses. Then integrate the model forward without data assim-
ilation (i.e., forecast) for N days using the perturbed and unperturbed analyses, T;,(0) and T7(0) respec-
tively (k =1 in Fig. 4). Denote the resulting M perturbed forecasts by 7/ (N), m = 1,2,..., M, and the

single unperturbed forecast as 7(NV). Note that 7(N) is just ConF at time “N”.

(b) Subtract the unperturbed forecast 77(N) from each of the M perturbed forecasts T/ (N), to obtain M per-
turbation vectors at time N: ¢,(N) = ¢, (N)(T (N) — T/ (N)), where for each m the c,,(N) is a factor that
scales the RMS of ¢,,(N) over the phase space to equal the initial RMS of ¢,,(0) (this initial RMS will be
set to be the same constant for all M members). Here, by phase space we mean the grid points where the
initial perturbations in step (a) are introduced. Form the new perturbed analysis vectors at time
N:T,(N)=TN)+¢,N),m=1,2,....M.

(c) Integrate the model forward (without data assimilation) to the next N days from n = N through n =2N
using the perturbed and control analyses at time N obtained from step (b), T;,,(N) and T%(N) respectively
(in Fig. 4, increase k by 1, i.e., k becomes 2, and loop back). The resulting M perturbed forecasts are
T/ (2N), m=1,2,...M, and the unperturbed forecast is T(2N).

Steps (b) and (c) are repeated to obtain at r = KN days the unperturbed vector 7/(KN), all M members of
the perturbed vectors T/ (KN), hence the scaled perturbations ¢,, (KN), and finally the control and perturbed
analysis vectors 77 (KN) and T,,(KN), respectively (last loop in Fig. 4, with k = K). Toth and Kalnay (1997)
argue that after the breeding cycle the perturbed analysis vectors 7,,(KN) are dominated by growing modes
each of which is a combination of the fastest-growing singular modes of the nonlinear system; in other words,
the ensemble perturbations ¢,,(KN) are contained in the subspace of the probability distribution of the ocean
state about our best estimate T9(KN). The authors show that the breeding method gives ensemble mean that is
superior to randomly generated ensemble forecasts. Their results agree with Ehrendorfer and Tribbia (1997)
who found that the fastest growing combinations of possible analysis errors give the best results as initial
ensemble perturbations for at least the short-range forecasts.
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The growing modes can be seen in plots of the bred vectors BV = T/ (n) — T/ (n), i.e., the difference between
perturbed and unperturbed forecasts (Yang et al., 2006). For example, Fig. 5a shows spatial contours for BV
member# 12, and Fig. 5b (upper panel) shows temporal evolutions of spatially averaged amplitudes (““4,,”
for different members. In these calculations, N =7 (7-day breeding cycle) and K =10 (total of 10 cycles).
The growth rate (GRy) for the kth-cycle in the lower panel of Fig. 5b is defined as GR, = In[A,,(kN)/
A, ((k— 1NN, k=1,2,...,, K. The BV in Fig. 5a is near the peak-growth of the breeding cycle (i.e.,
k =1, Fig. 5b); other members show similar patterns of cyclones and anticyclones (cf. Yang et al., 2006).
The initial patterns in step (a) above consist of random fields (specified; see below) which decay during the
first cycle (Fig. 5b). Following each breeding cycle, the cyclonic-anticyclonic patterns of Fig. 5a grow, and they
mature after the 6-7th cycle shown. The organized structures have large amplitudes in the vicinity of the Loop
Current and rings; they have wavelengths of approximately 200-300 km and GR; ~ 0.04-0.08 day~'. The
wavelengths and growth rates strongly indicate that they are baroclinic instability mode of the system.

3.1. Bred-ensemble forecast

Based on an examination of the bred vectors (e.g., Fig. 5), we choose N = 7 (7-day breeding cycle), K =8
(total of 8 cycles), and M = 20 (20 ensemble members). The bred vectors achieve near-maximum growths in
about 8§ breeding cycles (Fig. 5b) and the time scales are consistent with typical estimates for baroclinically
unstable waves in the ocean, about 10 days or less (Wang, 1993). We have also tested M = 10, 30 and 50,
and found little differences in the ensemble means when M = 20 or greater. Since our analysis scheme (see
above section for ConA) calculates 7%(n) by assimilating 6ny from satellite, we follow Miyazawa et al.

max = 0.50
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Fig. 5a. Example of a bred vector (member #12) in terms of sea-surface height at Jul/14/2005 near the peak of its growth (see next figure).
Darkest shade > + 0.4 m and lightest shade < — 0.4 m.
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Region: Water Depth > 500m 96°%W~84%V; 23°N ~ 30°N; -1000m<z<0
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Fig. 5b. Bred vector amplitudes in terms of temperature averaged over the indicated region (upper panel) and the corresponding growth
rate (lower panel) for 10 breeding cycles each of 7 days.

(2005; who also use a similar scheme based on Mellor and Ezer, 1991) and replace in steps (a)—(c) above the
T/ (n) by Fr8y/ (n), and the T(n) by F17/(n), where Fyis given by (3a) and dn/ (n) and 31/(n) are respectively
the perturbed and unperturbed forecast SSHAs at the nth day. However, T/ (n) and 7/(n) are available at each
n, and future work may test the option of directly using them. For the RMS of ¢,,(0), it should be large enough
to excite linear instability, but not too large that the perturbations lead to solutions that are saturated with
finite-amplitude waves, since that would defeat our objective of breeding the growing modes. Kalnay, 2003,
personal communication) recommended a value =~ < 10% of the magnitude of the state-vector, and we use
RMS (g(0)) = 0.07 m (|]SSHA| ~ 1 m). As in Miyazawa et al. (2005), we also specify the initial random per-
turbation (i.e., &y,(0)) using Evensen’s (1994) pseudo random field with a horizontal correlation scale of 0.7°.
Toth and Kalnay’s (1993) experience and the BV plots shown in Fig. 5 suggest however that the particular
details of ¢,(0) is not crucial. Also, when computing the bred vector in step “b” above, Miyazawa et al.
(2005) appear to have used “‘the assimilation run,” i.e. the SSHA that corresponds to 7%(n) derived from
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ConA, in place of the 8/(n) we use. The difference should be small since bred vectors strongly project onto the
growing modes of the analysis (Toth and Kalnay, 1997).

As in the ConF experiments, two 8-week ensemble forecasts, Jull21-Sep/15 and Jul/28-Sep/22/2005 are con-
ducted to cover different periods for comparison with observations (below). The two ensemble forecasts give
similar results during their overlapped period. The bred-ensemble forecast is called BEnF, the corresponding
ensemble breeding is EnB (i.e. steps “a” through ““c” above) and the ensemble mean forecast and breeding are
EnMF and EnMB, respectively. For references, Appendix 1 lists these and other acronyms and variables.

4. Comparisons with observations

One way for assessing the “goodness” of a forecast is to conduct twin experiments (examples are given in
Anderson et al., 1996). In such an assessment, the results from a control run are treated as “observations”
which are then used to assimilate into and compared against a different run (initialized differently, say).
The advantage is that we then have at our disposal “observations” of every modeled variable in the entire
(model) space-time domain. The drawback is that the “observations” and model are not independent of each
other. The method is therefore well-suited for testing assimilation schemes but may not produce reliable mea-
sures of forecast skills. Another way is to compare the model (e.g., forecast) against an analysis that is the
most complete, thereby treating the latter as “observations.” A recent example of this approach is Miyazawa
et al. (2005). However, it is clear that this way of assessment lessens but does not entirely eliminate the prob-
lem of model and observation inter-dependency. The third way is to use observations to assess the analysis
or forecast (Wang et al., 2003; Kamachi et al., 2004; Oey et al., 2004, 2005a, 2006, in press; Oke et al.,
2002; Paduan and Shulman, 2004). Clearly, comparisons against observations are the ultimate way one should
judge if a forecast is any good. In this section, we compare both analyses and forecasts against observations:
(a) satellite SSHA; (b) NOAA drifter trajectories; and (c) ADCP measurements over the northeastern slope of
the Gulf of Mexico. Fig. 6 shows the ADCP locations.

30°N

28°N

26°N

Latitude (°)

24°N[]

20°N

18°N X
88°W
Longitude (%)

Fig. 6. ADCP stations where model results are compared against observed currents. Contours are isobaths in meters.
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4.1. Comparison against satellite SSH

When comparing the model results against satellite SSH, one should be mindful that the latter is not the
“truth.” In addition to uncertainty in the mean, satellite maps are based on objective analyses with presumed
spatial and temporal scales (Ducet et al., 2000). In some cases, the model can provide more accurate informa-
tion pertaining to the small and fast scales of the real ocean (Wang et al., 2003; Oey et al., in press). Never-
theless, satellite data are suited for studying larger-scale eddies and Loop Current which are the focus of this
work (e.g., Leben, 2005).

SSH (m)

-0.6 -0.5 -0.4 =03 -0.2 =01 0 0.1 0.2 0.3 0.4 0.5 0.6

1o = % " o )
94°%w 91°\N 88°W 85°%W 82°w 94w Q1°W 88°W 85°W 82°WwW 94°W 91°\N 88%w  85°w  82°w

Fig. 7. Daily averaged SSH’s shown weekly during the last 4 weeks of breeding (A-D) and 8 weeks of forecast (E-L). Background color is
ConA. Lines are SSH = 0 contours of: black: AVISOM; red: EnMB’s (A-D) and EnMF’s (E-L); white: EnB members (A-D) or BEnF
members (E-L); and blue: ConF. Green line is drifter trajectory marked daily, shown from Jul/21. See Appendix 1 for acronyms.
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Fig. 7 shows daily averaged SSH plotted every week from Jul/07 through Sep/22/2005. The background
color is ConA. The SSH = 0 lines are plotted for satellite (i.e. A VISO+ ten-year model mean, henceforth AVI-
SOM; black), ConF (blue), ensemble mean (red) and ensemble members (white); the contour lines give in each
case the corresponding estimates of the frontal positions of the Loop Current and rings. The track of a surface
drifter is shown in green beginning at Jul/21. In this case, the breeding ends and hence forecasts start on Ju//28/
2005; the last four weeks of the 8-week breeding (Fig. 7A-D) and the entire 8-week forecast (Fig. 7E-L) are
shown. The ConA can be seen to be similar to 4 VISOM, though the former shows a warm ring that is nearly
or already detached throughout the period shown in Fig. 7, whereas the Loop Current in AVISOM maps
appear to be on the verge of shedding a ring (e.g., Fig. 7F and G), but did not do so until Sep/15-22
(Fig. 7K and L). On the other hand, the ensemble mean agrees well with AVISOM throughout the breeding
period (EnMB; through Jul/28, Fig. 7A-D), and also for the first five weeks of the forecast (EnMF; Jul/28—
Sepl01, Fig. 7TE-I). After Sep/01, the Loop current rapidly extends westward in an elongated shape (Fig. 71
and J). Thereafter a warm ring is shed (Fig. 7K-L), and both ConF and EnMF fail to reproduce AVISOM
or the ConA. When interpreting satellite SSH, there is some uncertainty with regard to the mean. We have
therefore checked the AVISOM maps against (1) SSH maps using the original A VISO mean estimated from
a seven-year altimetric mean SSH, (2) the University of Colorado’s (UOC) maps(http://argo.colorado.edu/
~realtime/gsfcgom-real-time_ssh/) and (3) the NOAA/AOML maps (http://www.aoml.noaa.gov/phod/dat-
aphod/work/trinanes/INTER FACE/index.html) using different model means. These various maps yield sim-
ilar results. Most of the differences occur during the first 8-9 weeks (Jul/07-Sep/01) shown in Fig. 7. During
that period, the NOAA/AOML and AVISO maps show a Loop Current-ring system that is either discon-
nected or barely connected — features that are in between AVISOM (more connected) and the ConA (less con-
nected) maps of Fig. 7, whereas in UOC maps the Loop-ring system is more smoothly connected.

During and a few days after the passage of a hurricane, the ocean surface undergoes rapid temporal and
spatial changes that cannot be accurately depicted by maps such as the AVISOM (Oey et al., in press).
Nonetheless, AVISO (or other similar products) provides a yardstick to check forecast results before and
(days) after the hurricane. Fig. 7 suggests that the EnMF (red) is visually better than the ConF (blue).
A more quantitative assessment is shown in Fig. 8 which plots the correlations between various modeled
and AVISO SSHA’s (upper panel) over the region north of 23 °N and west of 84 °W, and where the water
depths >500 m. The corresponding RMS differences (“‘errors”; lower panel) are also shown. The figure
shows that ConA for the entire period, EnMB for the first 8§ weeks and EnMF during the first 4-5 weeks
of the forecast period all have relatively high correlations and small RMS errors. The ConA-AVISO cor-
relation is approximately 0.9 during the first 6 weeks, and decreases to about 0.74 at the 9-11th weeks
before increasing again to approximately 0.85 at the end of the forecast period, a max-min range of about
0.16. At the beginning date of the forecast, Ju//28, the EnMB has a slightly higher correlation (about 0.05)
and a lower RMS error (about 0.02 m) than the ConA. But these differences are small and statistically insig-
nificant. Lin et al. (in press) analyzed the 1999-2000 satellite data and found that the ConA-AVISO corre-
lation can fluctuate from low’s of about 0.67 to high’s of 0.9 within a 1-3-month period when the Loop
Current and rings undergo rapid changes: as for example when a ring separates from the Loop Current,
or when the Loop Current retracts or expands (e.g., Oey et al., 2003). The standard deviation for the period
1999-2000 is 0.18. Their results are consistent with the variation of ConA-AVISO correlation shown in
Fig. 8.

Fluctuations in ConA-A4VISO correlation (and in the corresponding RMS error) reflect the fact that both
the satellite SSHA maps and model have errors which are most pronounced during periods of large changes in
the Loop Current and rings; this is indeed the case during the present study period (see Fig. 7). The above-
mentioned differences between EnMB and ConA at the initial forecast date (Ju//28), or indeed the differences
between EnMB, ConA and EnMF during the first 12-13 weeks of the study period in Fig. 8, are therefore
statistically insignificant when compared with the variability of the errors inherent in the satellite SSHA maps
and model. It is therefore significant that EnMF provides a good forecast through the time when Katrina
arrived (Aug/25). In comparison, the quality of ConF deteriorates after only 1-2 weeks of forecast (Jul/28—
Auglll, Fig. 8). The EnMF (and BEnF members) deteriorates after Katrina, in the final 2-3 weeks of forecast.
It will be an interesting future research to study if the rapid decline in the forecast quality in these final weeks is
dynamically related to the intense disturbances caused by the hurricane.


http://argo.colorado.edu/~realtime/gsfcgom-real-time_ssh/
http://argo.colorado.edu/~realtime/gsfcgom-real-time_ssh/
http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE/index.html
http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE/index.html
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Fig. 8. Upper panel: correlation between AVISOM and various model SSHA’s as indicated for the region north of 23 °N, west of 84 °W
and in water with depths >500 m; lower panel: the corresponding root mean squared SSHA error. Vertical dashed line indicates the initial
date of forecasts. See Appendix 1 for acronyms.

To ascertain that the above findings (that EnMF gives superior forecasts to the ConF) hold for different peri-
ods, we conducted ten additional forecast experiments, i.e. ten different samples of initial ocean states. The fore-
cast start-dates of seven of these are successively weekly shifted from that shown in Fig. 8; they produce similar
results as Fig. 8 (not shown). The three others are more interesting as the start-dates: Nov/01/2005, Mar/18/2006
and Aug/25/2006, are more widely separated, by 3—4 months. The corresponding correlations and RMS errors
are shown in Fig. 9. The EnMF can be seen to consistently outperform ConF even for the worse breeding case
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Fig. 9. Correlation between AVISOM and model SSHAs (left panels A, C and E) and the corresponding root mean squared SSHA errors
(right panels B, D and F), as in Fig. 8, for three different forecast start dates: 2005/Nov/01 (A & B), 2006/ Mar/17 (C & D), and 2006/ Aug/25
(E & F).

of Fig. 9E and F. These findings are consistent with Leith’s (1974) theoretical analysis, mentioned previously.
Figs. 8 and 9 show that useful forecasts of mesoscale eddies may be obtained for up to 4-6 weeks.
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4.2. Comparison against NOAA drifter

We compare paths of modeled drifters with the trajectory of the NOAA drifter shown in Fig. 7 for an eight-
week period from Jul/21 through Sep/15, as follows (cf. Fan et al., 2004). For each of the eight 7-day periods, a
(model) drifter is released at the “day-0” position of the observed drifter, and is tracked for 7 days using Awaji
et al.’s (1980) method. This gives eight sample trajectories and the corresponding deviation distances (i.e.
errors) which are then averaged. Fig. 10 plots averaged deviations for ConA, EnMF, AVISOM and ConF,
and Fig. 11 the trajectories. All four cases are similar in the first 2-3 release days, with errors for ConA
and AVISOM slightly less than EnMF or ConF. At day-7, ConA produces the least error (as can be expected)
while EnMF gives an improved forecast than ConF (and AVISOM). These improvements can be seen in
Fig. 11. The EnMF (red with markers) trajectories generally follow the observed (magenta with markers)
trajectories from the week-1 forecast (Fig. 11A) through the period of Katrina (Fig. 11F); the EnMF trajec-
tories deviate from the observed during the 7-8th weeks of the forecast (Fig. 11G and H). In contrast, the
ConF trajectories begin to deviate from the observed in the 4th week (Fig. 11D).

4.3. Comparison against ADCP observations

Five ADCP time series over the northern Gulf of Mexico were available during the forecast period Jul/21-
Sepl15/2005 (Fig. 6 shows the ADCP locations). These ADCP’s were operated by the oil industry; through an
arrangement with MMS and NOAA the data were made publicly available at the NDBC site http://
www.ndbc.noaa.gov/. All five ADCP’s returned velocity data through Aug/27/2005 just before Katrina arrived
at the northern Gulf, from approximately —75 m through —1000 m at depth intervals of about 30 m. Three
ADCP’s (42868, 872 and 867) intermittently returned data after the storm (see Fig. 12). The data were pro-
cessed for obviously bad values (either discarded or linearly interpolated from neighboring good values if
the gap is less than 1 day), and daily averaged. The modeled velocities were also daily averaged and interpo-
lated onto the observation locations. Fig. 12 compares the observed and forecast (EnMF and ConF) speeds as
a function of time and depth.
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Fig. 10. Averaged deviations of the indicated model drifter trajectories from the observed trajectory as distances in km, plotted as a
function of drifter release-days. The averaging is over the eight 7-day periods (or ensembles) from Jul/21 through Sep/15/2005. See
Appendix 1 for acronyms.
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Fig. 11. Modeled and observed drifter trajectories for each of the eight release periods from Jul/21 through Sep/15/2005. Markers on
“OBS” and “EnMF” indicate the daily positions. See Appendix 1 for acronyms.



X.-Q. Yin, L.-Y. Oey/ Ocean Modelling 17 (2007) 300-326 317

Because of their locations, the ADCP’s measured currents around the western, northwestern and northern
rims of the Loop-ring system (cf. Fig. 7). In the upper 400 m, directions are predominantly northward, north-
eastward and eastward. Fig. 12 shows observed speeds > ~ 1 m/s at the three northeastern stations “868,”
“363” and ““872” (Figs. 12a—-12c¢) closest to the Loop-ring system. At the first two stations, speeds reached
a maximum around Aug/11, after which date the Loop-ring system began to move west-southwestward away
from the moorings; at “872” currents remained strong through Aug/27. At the northwestern station “362”
(Fig. 12d), currents were moderately strong (0.5-0.6 m/s) at the beginning, Jul/21-Aug/04, but diminished
thereafter as the Loop-ring system drifted southward. At the southwestern station “867” (Fig. 12¢), speeds
did not become strong until later, around Aug/11-18, and also in September. The forecasts, the EnMF in par-
ticular, reproduce these gross observed features. The error plots in the lower two panels of Figs. 12a—12e show

BN
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21-Jul 28-Jul 04-Aug 11-Aug 18-Aug 25-Aug 01-Sep 08-Sep 15-Sep
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Fig. 12a. Comparisons between modeled and observed speeds (m/s) at ADCP station 42868 for the period Jul/21 through Sep/15/2005.
From top to bottom panels: observation, EnMF, ConF, |[EnMF-Obs| and |ConF-Obs|. See Fig. 6 for ADCP locations, and Appendix 1 for
acronyms.
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Fig. 12b. Same as Fig. 12a at ADCP station 42363.

that the EnMF generally gives a more accurate depiction of the observed speeds than the ConF. However,
forecast vertical shears are weaker than those observed (e.g., stations “868” and ““363,” Figs. 12a and 12b).

Additional measures of the forecast skill are given in Fig. 13. In Fig. 13a we show the complex correlations
(CC’s) computed in time as a function of depth, and in Fig. 13b the complex correlations were computed in the
vertical as a function of time (Kundu, 1976; see Appendix 2). Correlation amplitude |CC|~ 1 and phase
Occ ~ 0 would indicate that the modeled and observed currents match closely in time (Fig. 13a; temporal
CC) or in the vertical (Fig. 13b; vertical CC). The temporal CC’s for EnMF are clearly improved over those
for ConF at all stations except “872” where both show comparable values. The CC’s (for EnMF) are
high > ~0.8 near the surface z > =~ — 200 m at all stations except “867” where |CC| ~ 0.5 and |0cc| =~ <15°
for z > = — 400 m. In particular, at station “362,” |CC| ~ 0.9 and |0cc| = < 15° throughout the water column.
As plots for the individual EnF members in Fig. 13 show, there is greater uncertainty (spread) in the forecast
results deeper in the water column. The improvement in EnMF over ConF is less clear for vertical CC’s
(Fig. 13b). This is because both forecasts are in general less correlated with observations at deeper levels
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Fig. 12c. Same as Fig. 12a at ADCP station 42872.

(cf. Fig. 13a). Fig. 13b shows that both forecasts have comparable CC-values. One can identify periods when
|CC| > =~ 0.7 and |0cc| ~ < 25° at stations “868” and “363” prior to Aug/18, station “872” between Aug/11-27
and also Sep/3-6, station ““362” prior to Aug/4 and station “867” from Aug/14-25 and also around Sep/15.
Forecast uncertainty in general increases with time at all stations except for the southwestern-most station
“867,” where the model appears to show a more consistent prediction (less spread) as the approach of the
Loop-ring system at later forecast dates (Aug/14-25 and also around Sep/15).

5. Conclusions

This paper uses the bred-ensemble forecast (BEnF) technique (Toth and Kalnay, 1993; Toth and Kalnay,
1997) to estimate the locations and strengths of the Loop Current and ring in Ju/-Sep/2005, a period during
which hurricane Katrina (Aug/24-30) passed over the eastern and northeastern Gulf of Mexico. We show that
breeding (after 7-8 cycles) produces growing modes (bred vectors) which have patterns and growth rates akin
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Fig. 12d. Same as Fig. 12a at ADCP station 42362.

to baroclinic unstable modes in the Gulf of Mexico, with largest amplitudes in the vicinity of the Loop Current
and ring. The bred vectors represent the uncertainty in our analysis (initial state). Previous atmospheric expe-
riences indicate that the use of these bred vectors as perturbations in ensemble forecasting can improve the
forecast.

To assess model skills, results from the control analysis (ConA), control forecast (ConF), and ensemble
mean forecast (EnMF) are compared against observations consisting of satellite, drifter and ADCP data.
The EnMF is found to be statistically indistinguishable from ConA for the first 4-5 weeks of the forecast.
This is a rather surprising result though it needs to be confirmed in future studies with a large sample of fore-
cast cases and with different models. We show that EnMF consistently produces superior forecasts to the
ConF, in that the EnMF results are “closer” to the observations. Ensemble forecasting is also useful in that
by examining the forecast-spread (of the Loop Current frontal positions for example) of the ensemble
members, one can estimate the reliability of the forecast (it is a questionable forecast if there is too much
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Fig. 12e. Same as Fig. 12a at ADCP station 42867.

spread; cf. Figs. 7E-H with I-L; also Fig. 13a, stations 42872 and 867), as well as the forecast probability (for
cases in which members are clustered in 2 or 3 distinct groups).

The implications of our results for future work follow. Firstly, the EnMF provides a viable way to more
accurately estimate ocean responses to hurricanes. This is because these responses are rapid and locally
intense, and data assimilation using smoothed satellite SSHA maps in ConA can produce false results (cf.
Oey et al., 2006; Oey et al., in press); good BEnF during the first 4-5 weeks before the storm can provide a
better alternative. Secondly, for the same reason, EnMF should provide a more accurate ocean field (which
is input to wave models such as the WaveWatch-3 model or the Simulating WAves Nearshore — SWAN
model) for estimating surface waves. Thirdly, the EnMF provides an alternative means by which one can more
accurately estimate the locations and strengths of oceanic warm features (Loop Current and rings), which in
turn may aid in hurricane predictions (DeMaria et al., 2005). Finally, bred vectors may be used to provide
time-dependent error covariance to improve analyses.
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Fig. 13a. Vector correlations of currents at the five ADCP stations with EnMF (red) and also with ConF (blue): left column is the
amplitude and right column is rotation angle (positive means model is rotated anticlockwise from observation). At each station, the
correlations are computed over the time period from Jul/21 through Sep/15/2005, then plotted as a function of depth. See Appendix 1 for
acronyms. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13b. Same as Fig. 13a, but now the vector correlations are computed over the water column (—100 m g z Z —1000 m), then plotted
as a function of time from Jul/21 through Sep/15/2005. See Appendix 1 for acronyms.
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Appendix 1. Acronyms and definitions of some variables

Acronym Meaning

ADCP Acoustic Doppler Current Profiler

AOML Atlantic Oceanographic and Meteorological Laboratory

AVISO Archiving, Validation and Interpretation of Satellite Oceanographic data

AVISOM AVISO SSHA+ the (present) model 10-year mean SSH

BEnF Bred Ensemble Forecast

ConA Control analysis; sometimes referred to as hindcast or nowcast in the literature and is often used as
initial field for forecasting

ConF Control Forecast, meaning the “conventional” (single) forecast

EnB  Ensemble breeding

EnMB Ensemble mean breeding

EnMF Ensemble mean forecast

GCM  General Circulation Model

GODAE Global Ocean Data Assimilation Experiment

HRD Hurricane Research Division

NCEP National Centers for Environmental Prediction

NOAA National Oceanic & Atmospheric Administration

OBS  Observation(s)

OHC  Ocean Heat Content

POM Princeton ocean Model

RMS Root Mean Square

SSH  Sea Surface Height

SSHA Sea Surface Height Anomaly

SST Sea Surface Temperature

Variable Meaning

&y, (kKN) perturbation of the mth member of a breeding cycle, k =0, 1,...,K; the last one for k = K is used
(with the corresponding control analysis) to initialize the ensemble forecasts — see 7, (kN) definition

below
on sea surface height anomaly or SSHA
o observed sea surface height anomaly from satellite

[{39% 2]

87/(n) unperturbed (i.e. conventional) forecast SSHA(i.e. ConF) at time “n

8n/ (n) perturbed mth-member forecast SSHA at time “n”

A,,(n) spatial average of the mth-member bred vector at time “n”

BV bred vector = the difference between perturbed and unperturbed forecasts

CC complex correlation between two vectors, also called vector correlation

GR,  bred-vector growth rate for the kth-cycle

K total number of breeding cycles; this paper has used K =8 and 10

M total number of ensemble members; this paper uses M = 20

N number of days per breeding cycle; this papers uses N =7

T potential temperature; also used more generally to denote a state vector

T,, (kN) mth ensemble member of the perturbed analysis of “7” at the start of a breeding cycle, i.e.,
T, (kN)=T*kN) + ¢, (kN), k=0,1,...,K — 1. For k=K, T,(KN) is used to initialize the ensemble
forecasts

' “T” obtained from a control analysis or ConA
T(n)  unperturbed (i.e. conventional) forecast (i.e. ConF) at time “n”

[T39% 1]

7/ (n) mth-member of the perturbed forecast at time “n

~
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Appendix 2. Complex correlation (CC)

The “CC” between two velocity time series u; = (u;,v1) and u, = (u»,0,), is defined as (Kundu, 1976):
CC = (wiw)/[(wiw}) " (waws) 2], (A1)

where w, =u,, +iv,, n=1,2, 1= (—1)1/ 2, the asterisk indicates the complex conjugate, and (-) denotes time
averaging. Kundu (1976) was interested in the veering angle between u; and u, in the bottom Ekman layer
and showed that the phase of CC, Occ, is the average veering angle (between the two vectors) weighted by
the speeds of the instantaneous vectors. For the present case, CC measures how closely the model vector
w; follows the observation vector w; in their indexed space, which can be the spatial dimension (e.g., in the
vertical at a given time) or time as in ADCP time series at a fixed depth. Clearly, ¢ should be small for
the two vectors to be ‘close,” but |CC| should also be ~1 (|CC| is <l from (Al)). By considering simple sinu-
soids, it can be shown that |CC| is small if u; and u, have disparate frequencies. For similar frequencies
|CC| = cos(¢), where ¢ is the (average) phase-shift between u; and u,. On the other hand, fcc is independent
of ¢, so that it is possible for |CC| = 1 but 8cc = 90°, and vice versa for |CC| = 0 but cc = 0. The behavior of
CC is more complicated for general time series. The upshot is, for the model analysis to be any good, we
require |CC| = 1 and Occ = 0.
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